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Mouse hepatitis virus (MHV), a coronavirus, has been shown to undergo a high frequency of RNA
recombination both in tissue culture and in animal infection. So far, RNA recombination has been
demonstrated only between genomic RNAs of two coinfecting viruses. To understand the mechanism of RNA
recombination and to further explore the potential ofRNA recombination, we studied whether recombination
could occur between a replicating MHV RNA and transfected RNA fragments. We first used RNA fragments
which represented the 5' end of genomic-sense sequences ofMHV RNA for transfection. By using polymerase
chain reaction amplification with two specific primers, we were able to detect recombinant RNAs which
incorporated the transfected fragment into the 5' end of the viral RNA in the infected cells. Surprisingly, even
the anti-genomic-sense RNA fragments complementary to the 5' end of MEIV genomic RNA could also
recombine with the MHV genomic RNAs. This observation suggests that RNA recombination can occur during
both positive- and negative-strand RNA synthesis. Furthermore, the recombinant RNAs could be detected in
the virion released from the infected cells even after several passages of virus in tissue culture cells, indicating
that these recombinant RNAs represented functional virion RNAs. The crossover sites of these recombinants
were detected throughout the transfected RNA fragments. However, when an RNA fragment with a
nine-nucleotide (CUUUAUAAA) deletion immediately downstream of a pentanucleotide (UCUAA) repeat
sequence in the leader RNA was transfected into MHV-infected cells, most of the recombinants between this
RNA and the MEIV genome contained crossover sites near this pentanucleotide repeat sequence. In contrast,
when exogenous RNAs with the intact nine-nucleotide sequence were used in similar experiments, the crossover
sites of recombinants in viral genomic RNA could be detected at more-downstream sites. This study
demonstrated that recombination can occur between replicating MEIV RNAs and RNA fragments which do not
replicate, suggesting the potential of RNA recombination for genetic engineering.

Coronaviruses are enveloped RNA viruses that infect
many vertebrates. The genome of the prototype coronavi-
rus, mouse hepatitis virus (MHV), consists of a single piece
of nonsegmented positive-sense RNA of approximately 31
kb (22, 32), which is considerably larger than any other
known viral RNA. Considering both the high error fre-
quency of RNA-dependent RNA synthesis (11, 34) and the
large size of MHV genomic RNA, this virus must have a
unique mechanism of RNA synthesis in order to cope with
the deleterious effects of possible errors. It has been postu-
lated that the functional integrity of the large RNA genome
of coronaviruses may depend at least in part on the ability of
virus to recombine (18, 19).

Only a few positive-sense nonsegmented RNA viruses
have been shown to undergo homologous RNA-RNA recom-
bination at various frequencies. These include picornavi-
ruses, coronaviruses, and a few plant viruses (1, 8, 15-17,
20, 24). Other viruses, such as Sindbis virus, can undergo
recombination between defective interfering (DI) RNAs
(36). The outcome was often recombinants with rearranged
genome structures (36); thus, this type of recombination is
atypical or aberrant homologous recombination (19). Addi-
tional viruses, such as bovine viral diarrhea virus, may
undergo nonhomologous recombination, which involves re-
combination between unrelated viral and cellular RNAs,
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during natural viral infection of cows (31). Thus, the ability
of RNA viruses to undergo homologous or nonhomologous
recombination appears to be more common than previously
recognized. Analysis of the genome structure of RNA vi-
ruses suggests that many of them have been derived by RNA
recombination between related or unrelated viruses (for
review, see reference 19). Among these viruses, MHV
provides a particularly striking example of high-frequency
RNA recombination. MHV has been demonstrated to un-
dergo recombination not only in tissue culture (13, 14, 20, 24)
but also in infected animals (12) at a frequency approaching
25% for the entire genome (4). It has been suggested that the
high frequency of recombination might be due to the discon-
tinuous and nonprocessive manner of RNA synthesis (24).
This would result in the generation of freely dissociated
nascent RNA fragments duringMHV RNA replication (5, 6).
These dissociated RNA transcripts could bind to different
RNA templates and participate in RNA synthesis, leading to
the generation of recombinant RNA (24).
To study the molecular basis of RNA-RNA recombina-

tion, it is important to study recombination events right after
their occurrence and before selection during cell culture. We
have previously established a sensitive assay system, using
polymerase chain reaction (PCR) amplification to directly
detect recombinant molecules among cytoplasmic RNAs
from MHV-coinfected cells (3). This approach detected
recombinant RNA molecules which might have a selective
disadvantage during subsequent cell culture and thus might
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not be detected by the traditional method of isolation of
recombinant viruses. This system has allowed us to kineti-
cally study the recombination events between two different
MHV strains in the absence of selection pressure (3). How-
ever, the inability to manipulate the large MHV genome has
hampered further molecular studies of the recombination
mechanism. In this report, we describe a system for exam-
ining the recombination events between MHV RNAs and
transfected RNA fragments that represent the MHV 5'-end
sequences that overcomes this problem. The demonstration
of this type of recombination indicates that viral RNA can
recombine with an existing RNA fragment which does not
replicate, providing a paradigm for nonhomologous recom-
bination, which involves disparate RNAs with different
mechanisms of RNA synthesis. This study also suggests that
recombination can result from dissociated nascent RNA
transcripts. Furthermore, this system may enable us to
understand the detailed molecular requirements for RNA-
RNA recombination in MHV.

MATERIALS AND METHODS

Viruses and cells. The plaque-cloned A59 (30) and JHM
(37) strains of MHV were used throughout this study. The
viruses were propagated on DBT cells (10), a mouse astro-
cytoma cell line, at a low multiplicity of infection. For RNA
transfection experiments, DBT or mouse L2 cells (21) were
used as recipient cells.

Plasmid construction. Plasmid pDE-25 was derived from
DI single-stranded RNA species E (DIssE), which is the
smallest DI RNA from the JHM strain of MHV (28). This
construct contains the complete DIssE sequence in the
genomic sense placed downstream of the T7 polymerase
promoter and was described elsewhere (25). Another plas-
mid containing a partial DIssE sequence in the anti-genomic
sense was constructed by inserting the 0.84-kb AccII-Hinfl
fragment of pDE-25 DNA, representing the 5'-end sequence
of DIssE RNA, into the EcoRI site of pGEM-3Zf(-)
(Promega) after blunting the ends with T4 DNA polymerase.
The orientation of the insert was confirmed by restriction
enzyme analysis and DNA sequencing. The resulting plas-
mid was designated pDE-800(-) and produces an 864-nucle-
otide (nt) RNA transcript corresponding to the 5' end of
DIssE RNA in the anti-genomic sense. The plasmid repre-
senting the 5'-end fragment of genomic-sense RNA from
MHV A59 was constructed by using MHV A59 virion RNA
as a template for reverse transcription and PCR to generate
a cDNA containing the 5'-end genomic-sense sequence of
the A59 virion RNA. The first primer (5'-ATCCTCTACAT
TAAAGTCATACACA-3'), which is complementary to nt
848 to 872 of the 5' end of the A59 genome, was used for
reverse transcription to synthesize first-strand cDNA. The
second primer (5'-GAAATTAATACGACTCACTATAGG
GATATAAGAGTGATTGGCGTCCGTAC-3') contains the
T7 polymerase promoter sequence at the 5' end, followed by
MHV 5'-end sequence from nt 1 to 24. This primer was used
in PCR to amplify double-stranded cDNA. The PCR prod-
uct, containing the A59 5' end of the genomic-sense se-
quence extending from nt 1 to 872, was then cloned into the
SmaI site of pTZ-18U (U.S. Biochemicals). The resulting
plasmid was designated pA833.
RNA transcription. To generate the 5'-end genomic-sense

fragments of DIssE RNA, pDE-25 DNAs were linearized by
digestion with BamHI (for 466-nt RNA) orAccIl (for 833-nt
RNA), and the DNA fragments were purified from low-
melting-point agarose. Linearized plasmids were transcribed

with T7 RNA polymerase in the presence of a cap analog,
m7G(5')ppp(5')G (New England Biolabs), as described pre-
viously (33). Similarly, pDE-800(-) was used to obtain the
5'-end anti-genomic-sense RNA fragments of DIssE RNA
(864 nt in length) byXbaI digestion and T7 RNA polymerase
transcription. Plasmid pA833 was used to synthesize MHV
A59 5'-end genomic-sense RNA fragments (833 nt in length)
by AccII digestion and T7 RNA polymerase transcription.
RNA transfection. Confluent L2 cells or DBT cells were

infected with A59 or JHM virus at a multiplicity of infection
of 5. The virus- and mock-infected cells were subjected to
RNA transfection at 1 h postinfection. For L2 cells, trans-
fections were performed by the DEAE-dextran method as
described previously (25). For DBT cells, transfections were
performed by the Lipofectin method (GIBCO BRL). Briefly,
at 1 h postinfection, monolayers of DBT cells at approxi-
mately 80% confluence in a 6-cm petri dish were washed
once with serum-free Eagle's minimal essential medium
(MEM) and then covered with 4 ml of warm serum-free
MEM. Ten micrograms of in vitro-transcribed RNAs was
dissolved in a final volume of 100 ,u of 50% (vol/vol)
Lipofectin. The RNA-Lipofectin mixtures were incubated at
25°C for 20 min and then added slowly to cell cultures. After
incubation for 4 h at 37°C, the inoculum was removed, and
cells were washed twice with warm serum-free MEM and
further incubated for up to 14 h (for cells infected with strain
A59) or 16 h (for cells infected with strain JHM) in the
presence of MEM containing 7% newborn calf serum. Cul-
ture fluid was harvested, clarified, and stored at -80°C.

Preparation of virion RNA and intracellular viral RNA.
Virion RNA was extracted from the purified viral particles
by previously described procedures (3) with slight modifica-
tion. Briefly, cells were infected with A59 or JHM virus. At
13 h postinfection, the medium containing released virus
particles was harvested, and virions were pelleted through a
30% sucrose cushion at 26,000 rpm in a Beckman SW28
rotor for 3.5 h. Viral pellets were resuspended in NTE (100
mM NaCl, 10 mM Tris-HCl [pH 7.5], 1 mM EDTA) buffer
and treated with 50 ,ug of RNase A (Sigma) per ml at 37°C to
remove possible contaminants from cellular RNA. The mix-
ture containing the viral genomic RNA was digested with 500
,ug of proteinase K (Boehringer Mannheim Biochemica) per
ml and extracted twice with phenol-chloroform. Intracellular
viral RNA was isolated from MHV-infected cells by the
protocol described previously (23, 28).
PCR amplification of RNAs and cDNA sequencing. Ten

micrograms of intracellular viral RNA or 3 ,ug of virion RNA
was reverse transcribed into cDNA. Briefly, the RNAs were
denatured at 94°C for 2 min and incubated at 42°C for 60 min
in 50 p,l of reaction mixture containing 1 U of avian myelo-
blastosis virus reverse transcriptase (Seikagaku America
Inc.), 10 mM MgCl2, 100 mM KCl, 50 mM Tris-HCl (pH
8.0), a 0.1 mM concentration of each of the four deoxyribo-
nucleoside triphosphates, and 1 puM synthetic oligonucleo-
tide primer 1 (5'-TCGGGTTAAGATGAACCTCCTCTC-3'),
which is complementary to nt 877 to 900 of the 5' end of both
A59 and JHM viral genomic RNA. The cDNAs were then
used as templates for PCR amplification. Briefly, 10 p,l of the
reverse transcription mixture was mixed with 90 p,l of PCR
buffer (10 mM Tris-HCl [pH 8.3], 1.5 mM MgCl2, 50 mM
KCl, 1 mg of gelatin per ml) containing 2 U of Taq DNA
polymerase (Boehringer Mannheim Biochemica), 50 p.M
each deoxyribonucleoside triphosphate, and 0.5 p.M syn-
thetic oligonucleotide primer 2 (5'-TGGCGTCCGTACG
TACCTAA-3'), which is complementary to nt 13 to 32 of
DIssE 5'-end sequences, or primer 3 (5'-TGTGCTTC
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FIG. 1. Genetic locations of primers used to detect recombinant
RNAs. (A) Primers 1 and 2 were used to detect DIssE head-A59
body recombinants. Primer 1 is complementary to A59 sequences
from nt 877 to 900, and primer 2 is specific for DIssE sequences from
nt 13 to 32. The corresponding region of A59 has a three-nucleotide
divergence from the 3' end of the primer. The specificity of this
primer was demonstrated previously (2). (B) Primers 1 and 3 were
used to detect A59 head-JHM body recombinants. Primer 3 was
specific for the A59 sequence from nt 569 to 587.

CCAAAACAGCT-3'), which is complementary to nt 569 to
587 of the 5' end of A59 RNA. Amplification was carried out
for 40 cycles at 94°C for 1.5 min, 60°C (or 62°C for some
experiments) for 2 min, and 72°C for 3 min per cycle. The
PCR products were then subcloned into pTZ-18U or pBlue-
script SK(+) (Stratagene) according to the protocol de-
scribed previously (2). Double-stranded plasmid DNA se-
quencing was performed with the Sequenase system (U.S.
Biochemicals).

RESULTS

Recombination between the A59 viral genome and the
transfected 5'-end RNA fragments of DIssE RNA. To study
whether recombination could occur between the MHV ge-
nome and a transfected RNA fragment, we used a PCR assay
system (3) to detect recombinant RNAs among the intracel-
lular RNAs and virion RNAs. We first studied the possible
recombination between the MHV A59 genome and the
5'-end genomic-sense RNA fragments of DIssE, which is a
DI RNA derived from MHV JHM (26).
We first examined whether recombinant RNAs could be

detected in the intracellular RNA from cells infected with
A59 and transfected with the 5'-end RNA fragment of
DIssE. These recombinant RNAs were detected by PCR
with two synthetic primers, 1 and 2 (Fig. 1A and Materials
and Methods), which are specific for A59 RNA sequences at
the 3' end and for DIssE RNA at the 5' end, respectively.
The region between these two primers spanned 890 nt; only
recombinant RNAs which had an odd number of crossovers
between these two primer sites and contained DIssE-specific
sequences on the 5' side and A59-specific sequences on the
3' side (i.e., DIssE head-A59 body) could be detected by this
PCR assay system. The PCR conditions (94°C for 1.5 min,
60°C for 2.0 min, and 72°C for 3 min for each cycle, 40
cycles) were chosen empirically so that these two primers
would bind only to recombinant RNAs and would not

FIG. 2. PCR amplification of DIssE-A59 recombinants. (A)
Recombinant RNA from intracellular RNAs. Lane 1, HaeIII-di-
gested 4X174 size markers. Lane 2, intracellular RNA from A59-
infected L2 cells amplified with primers 196 and 152 (specific for the
A59 peplomer gene) (3). Lanes 3 through 6, intracellular RNAs
amplified with primers 1 and 2: lane 3, mixture of equal amounts of
intracellular RNA from A59-infected, mock-transfected L2 cells and
from mock-infected, 833-nt-RNA-transfected L2 cells; lane 4, intra-
cellular RNA from A59-infected, 833-nt-RNA-transfected L2 cells;
lane 5, mixture of equal amounts of intracellular RNA from A59-
infected, mock-transfected L2 cells and from mock-infected, 466-nt-
RNA-transfected L2 cells; lane 6, intracellular RNA from A59-
infected, 466-nt-RNA-transfected L2 cells. (B) Recombinant RNA
from virion RNAs. Lane 1, HaeIII-digested OX174 size markers.
Lane 2, virion RNA from A59-infected L2 cells detected with
primers 196 and 152, specific for the A59 S gene. Lanes 3 through 5,
virion RNA amplified with primers 1 and 2: lane 3, virion RNA from
mock-infected, mock-transfected L2 cells; lane 4, virion RNA from
A59-infected L2 cells; lane 5, virion RNA from A59-infected, 833-nt-
RNA-transfected L2 cells. The arrows indicate the specific PCR
products of approximately 890 nt.

generate nonspecific PCR products. The PCR products were
separated by electrophoresis on a 1.2% agarose gel, and the
results are shown in Fig. 2A. In lane 4 of Fig. 2A, there was
a specific 890-nt band from the RNAs isolated from L2 cells
infected with A59 and transfected with the 833-nt RNA
fragment. In contrast, there was no specific band detected in
lane 3, which represented the RNA mixture of 5 ,ug each of
cytoplasmic RNA from A59-infected, mock-transfected cells
and from mock-infected, 833-nt-RNA-transfected cells. An-
other control experiment for the PCR reaction (Fig. 2A, lane
2) showed that cytoplasmic RNAs from the A59-infected
cells yielded the expected PCR product (870 nt long) with
two specific primers, primer 196 (5'-ATATCAAGCT-lGAG
CACACGGGCAATAAC-3'), which is complementary to nt
1430 to 1449 from the 5' end of the peplomer gene, and
primer 152 (5'-GGACTGAGCTCCGCITTAATGTfAATG
GCTGATGCAT-3'), which is homologous to nt 581 to 604 of
the A59 peplomer gene. Additionally, other control experi-
ments showed that RNA from the A59-infected, mock-
transfected cells did not yield any PCR products with
primers 1 and 2 (data not shown). These control experiments
clearly demonstrated that the 890-nt band in Fig. 2A, lane 4,
was not a PCR artifact generated by transcriptional jumping
of reverse transcriptase or Taq polymerase, but most likely
represents a recombination event occurring in the infected
cells. These data strongly suggest that the transfected 833-nt
RNA fragment from the 5' end of the genome, which cannot
replicate, was able to recombine with the A59 genomic
RNAs during infection.
We also examined whether a shorter 5'-end RNA fragment

could recombine with the viral genomic RNAs. L2 cells were
infected with A59 and transfected with the 466-nt RNA
fragment transcribed from pDE-25 linearized with BamHI.
The cytoplasmic RNAs were isolated as templates for re-
verse transcription and PCR detection with the same primers
1 and 2 described above. The result is shown in Fig. 2A, lane
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6, as the expected 890-nt band, whereas in lane 5, which

contained a mixture of equal amounts (5 ,ug) of cytoplasmic

RNA from cells infected with A59 alone and from cells

transfected with the 466-nt RNA only, no specific PCR

product was detected. These results demonstrated that the

466-nt RNA fragment from the 5' end of the viral genome

was also capable of recombining with the A59 genomic

RNAs during infection.
To further demonstrate that the PCR product formed

between the viral genomic RNA and transfected RNAs

represented functional recombinant RNA molecules, we

studied whether the recombinant RNA could be detected in

the virion RNA released from these cells. Since the RNA

fragments used for transfection did not contain the packag-

ing signal (29), they would not be packaged into virus

particle. Thus, any DIssE-specific sequence in the virion

was most likely derived from the replicating recombinant

genomic RNA. L2 cells were infected with A59 and trans-

fected with the 833-nt RNA fragment as described above. At

14 h postinfection, the culture medium containing released

virus particles was harvested and then inoculated onto

confluent DBT cells for additional passage. The supernatant

from this infection, termed passage 1, was harvested, and

the viral particles were purified. The purified virus particles

were treated with RNase A to remove any contaminating

cellular RNA, and viral genomic RNA was then isolated and

subjected to reverse transcription and PCR detection with

primers 1 and 2 as described above. The specific 890-nt PCR

product derived from the recombinant RNA was again

detected (Fig. 2B, lane 5), suggesting that recombinant

RNAs between viral genomic RNAs and transfected RNA

fragments represented viable recombinant virus which could

replicate and could be packaged into virus particles during

serial passages. This is reminiscent of recombinant viruses

generated from cells coinfected with two different MHV

strains (3). Appropriate controls, including virion RNAs

from A59-infected, mock-transfected cells or from mock-

infected cells (Fig. 2B, lanes 3 and 4), did not yield this PCR

product.
Identification of the recombination sites in DIssE-A59 re-

combinants. To determine the crossover sites in these

recombinant RNAs, the 890-nt PCR products from both the

intracellular RNA and virion RNA were purified from low-

melting-point agarose and subcloned into the vector pTZ-

18U. DNA sequence analysis data for 53 clones of PCR

products from cytoplasmic RNAs and 43 clones of PCR

products from virion RNAs are summarized in Fig. 3. The

vast majority of recombinants from either intracellular or

virion RNAs had recombination sites somewhere upstream

of the pentanucleotide repeat sequences (UCUAA) (desig-

nated R in Fig. 3); 44 of the 53 clones from intracellular

RNAs and 42 of the 43 clones from virion RNAs had

crossovers between nt 36 and 69. However, nine clones from

intracellular RNAs and one clone from virion RNAs had

crossover sites slightly downstream of the pentanucleotide

repeat sequences (Fig. 3). Thus, the pentanucleotide region,

which lies between the leader sequence and the genomic

sequence, was a recombinational hot spot. Moreover, most

clones from the intracellular RNAs and all clones from the

virion RNAs contained the nine nucleotides (CUUUA

UAAA) immediately downstream of the pentanucleotide

repeat sequences after one passage. This sequence is deleted

in DIssE RNA and most other DI RNAs (25). Only six

clones from intracellular RNAs (Fig. 3) had a deletion of the

nine nucleotides. This result suggests that the presence of

the nine nucleotides gave a selective advantage.

v v AT vv VVR
DE25

A59

I v

(44)(42)

(3) (1)

I_w- R R

(2) (0)

(2) (0)

(2) (0)

DE25 1 : Cross-over region A59

FIG. 3. Recombination sites of DIssE-A59 recombinants. DNA
sequence analyses of 53 clones of PCR products from intracellular
RNAs and 43 clones of PCR products from virion RNAs are
summarized. The numbers and arrowheads indicate nucleotide
positions of crossovers. R, pentanucleotide (UCUAA) sequences.
The DIssE (DE25) RNA fragment has a 9-nt deletion downstream of
the pentanucleotide repeat sequences; A59 genomic RNA contains
this 9-nt sequence (CUUUAUAAA). Recombination can occur
anywhere between the given positions in the crossover regions
(open areas); the precise site could not be determined because the
parental RNAs had identical sequences within this region. The
numbers in parentheses are the number of cDNA clones from PCR
products for intracellular recombinants (I) and recombinants from
virion RNAs(V).

Recombination between DIssE 5'-end RNA fragments in the
anti-genomic sense and the A59 genome. We next determined
whether RNA fragments in the anti-genomic sense (negative
polarity) could also undergo recombination with the virion
RNA. L2 cells were infected with A59 and transfected with
the anti-genomic-sense RNA fragment of the 5'-end 864 nt of
DIssE RNA [864(-) RNAs]. Intracellular RNAs were used
for reverse transcription and PCR detection of the recombi-
nant RNAs with primers 1 and 2, which detect only recom-
binant RNA in the genomic sense. Interestingly, a specific
890-nt band was detected (Fig. 4, lane 6). A control experi-
ment in which the RNA mixture contained equal amounts (5,ug) of cytoplasmic RNA from cells infected with A59 alone
and from cells transfected only with 864(-) RNAs did not
give this PCR product (Fig. 4, lane 5).
To rule out the possibility that the 864(-) RNA prepara-

tions were contaminated with genomic-sense RNA frag-
ments or double-stranded DNA fragments, we examined
cytoplasmic RNAs from L2 cells transfected only with
864(-) RNAs by reverse transcription and PCR with a
specific pair of primers: 124, which is complementary to the
MHV 5'-end sequence from nt 1 to 24 in the anti-genomic
sense, and 320, which is complementary to nt 848 to 872
from the 5' end of the A59 genome in the genomic sense. The
specific PCR product could be detected when primer 124 was
used in reverse transcription and primer 320 was used in
PCR, but not when primer 320 was used in reverse transcrip-
tion and primer 124 was used in PCR (datanot shown).
These results indicated that the 864(-) RNA was not con-
taminated with genomic-sense RNA or double-stranded
DNA fragments. Thus, the PCR product detected in Fig. 4,
lane 6, represented a specific recombinant RNA between
A59 virion RNA and transfected 864(-) RNAs. It is note-
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FIG. 4. PCR detection of recombinant RNA between the A59
genome and the anti-genomic-sense RNA fragment from the 5' end
of DIssE RNA. Lane 1, HaeIII-digested X174 size markers. Lane
2, intracellular RNA from A59-infected L2 cells amplified with
primers 196 and 152 (specific for the A59 S gene). Lanes 3 through
6, intracellular RNAs amplified by primers 1 and 2: lane 3, mixture
of equal amounts of intracellular RNA from A59-infected, mock-
transfected L2 cells and from mock-infected, 833-nt-RNA-trans-
fected L2 cells; lane 4, intracellular RNA from A59-infected, 833-nt-
RNA-transfected L2 cells; lane 5, mixture of equal amounts of
intracellular RNA from A59-infected, mock-transfected L2 cells and
from mock-infected, 864(-) RNA-transfected L2 cells; lane 6,
intracellular RNA from A59-infected, 864(-) RNA-transfected L2
cells. The arrow indicates the specific PCR products of 890 nt.

worthy that since the PCR primers used here could detect
only genomic-sense RNA, the transfected 864(-) RNAs
must have been converted into genomic-sense RNAs before
they could be detected by PCR. This result suggested that
the recombinant RNA had replicated in the infected cells.
Since the transfected 864(-) RNAs represented the 3' end of
the negative-strand RNA of the viral genome, this trans-
fected RNA must have been converted to the genomic-sense
RNA before recombination; alternatively, recombination
may have occurred by a breakage and rejoining mechanism
(see Discussion).
The identity of these recombinant RNAs was further

confirmed by DNA sequence analysis of the PCR products
after they were cloned into the pBluescript SK(+) vector.
Sequence analysis of the seven clones showed that all of
them had a crossover site located between the sites for the
two primers, with the 5'-end sequence being derived from
DIssE and the 3'-end sequence being derived from A59 (data
not shown). Six of the seven clones had a crossover site
located between nt 139 and 154 from the 5' end, whereas one
clone had a crossover site at nt 69.

Recombination between A59 5'-end RNA fragments and
JHM genome. To examine whether recombination could also
occur between the virion RNA and the transfected RNA
fragment in a reciprocal pair of RNAs, we studied the
possible recombination between JHM RNA and a trans-
fected RNA fragment from A59. The 5'-end 833-nt RNA
fragment of the genomic-sense A59 RNA was transfected
into JHM-infected cells. The virus released from these cells
were used to infect confluent DBT cells. Viral particles
released from the latter were termed passage 1 virus and
were serially passaged further on DBT cells.

Viral genomic RNA from each passage was purified and
analyzed by reverse transcription and PCR amplification
with primers 1 and 3 (Fig. 1B), which spanned 330 nt. These
two primers were chosen because these are the only regions
where A59 and JHM RNA sequences are sufficiently differ-
ent for adequate primer specificity. Only recombinant RNAs
which had a crossover between these two primers and
contained A59-specific sequences on the 5' side and JHM-

1 2 3 4 5 6 7 8 9 10 11 12 13 14

FIG. 5. PCR detection of recombinants between JHM and the
5'-end RNA fragment of A59. Lanes 2, 4, 7, 10, and 13 were
amplified with primers 196 and 152, specific for the peplomer gene of
A59. Lanes 3, 6, 9, and 12 were amplified with primers 1 and 3,
specific for the recombinant. Lanes 5, 8, 11, and 14 were amplified
with primers 1 and 124, the latter of which is complementary to nt 1
to 24 from the 5' end of the A59 genome. Lane 1, HaeIII-digested
4X174 size markers. Lane 2, virion RNA from A59-infected DBT
cells. Lanes 3 to 5, virion RNA from JHM-infected DBT cells.
Lanes 6 to 8, virion RNA from passage 1 of the virus from cells
infected with JHM and transfected with the 5'-end RNA fragment of
A59. Lanes 9 to 11, virion RNA from passage 4. Lanes 12 to 14,
virion RNA from passage 6. The arrow indicates the specific PCR
product of approximately 330 nt in lanes 6, 9, and 12.

specific sequences on the 3' side could be detected by this
PCR assay procedure. The PCR conditions (94°C for 1.5
min, 62°C for 2.0 min, and 72°C for 3 min for each cycle; 40
cycles) were chosen empirically so that these two primers
would bind only to recombinant RNAs and would not
generate nonspecific PCR products. The results showed that
virus from all passages tested yielded a PCR product specific
for the recombinants. The specific PCR products (330 nt
long) from passages 1, 4, and 6 are shown in Fig. 5 (lanes 6,
9, and 12, respectively). A control experiment showed that
JHM virus alone did not yield this PCR product (Fig. 5, lane
3). To confirm that the JHM virus stocks were not contam-
inated with A59 virus, the viral genomic RNAs from the
JHM stock and from different passages were screened by
PCR with a pair of primers (196 and 152; see above) which
were specific for the peplomer gene sequences of A59. No
PCR product was detected (Fig. 5, lanes 4, 7, 10, and 13). In
contrast, all of them yielded a PCR product (900 nt) with
primers 1 and 124, the latter of which is complementary to nt
1 to 24 of the 5' end of the MHV genome (Fig. 5, lanes 5, 8,
11, and 14). This product represented the JHM viral RNA.
The lower band probably represented misprimed PCR prod-
ucts.
To analyze the crossover sites of these recombinants, the

PCR products from passage 1 (Fig. 5, lane 6) and passage 6
(Fig. 5, lane 12) were subcloned into the vector pBluescript
KS(+) and sequenced. Figure 6 is a summary of the DNA
sequence analysis data for 33 clones from passage 1 and 13
clones from passage 6. The sequence data revealed that all
clones were true recombinants, with a crossover between
the sites for primers 1 and 3. In addition, in contrast to
passage 1, the recombinant with a crossover between nt 587
and 609 was a dominant population in passage 6 (Fig. 6),
suggesting that a certain type of recombinant viruses was
selected during serial viral passages. These results indicated
that recombination could occur between a viral RNA and a
nonreplicating RNA fragment, resulting in functional recom-
binant viral RNA.
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FIG. 6. Recombination sites of A59-JHM recombinants. This
figure summarizes the DNA sequence analysis data for 33 clones
from passage 1 (P 1) and 13 clones from passage 6 (P 6). The
numbers and arrowheads indicate the positions of crossovers.
Recombination can occur anywhere between the given positions in
the crossover regions (open areas). The numbers in parentheses are
the number of cDNA clones from PCR products after passages 1
and 6.

DISCUSSION

This study demonstrated the occurrence of recombination
between viral RNAs and a transfected RNA fragment. The
results suggest that an RNA fragment which cannot replicate
itself can participate in RNA recombination. The ability of
nonreplicating RNAs to recombine with replicating RNAs is
a prerequisite for nonhomologous recombination between
viral RNA and cellular RNA, since the latter is not directly
involved in viral RNA replication. Thus, this system can

potentially serve as a paradigm for understanding the mech-
anism of nonhomologous recombination. Furthermore, this
system will allow the eventual determination of the struc-
tural requirements for RNA recombination because the
RNA fragments can be easily manipulated. Most important,
this approach allows mutation of the 5'-end RNA sequence
without recourse to a full-length infectious cDNA clone,
which is still not feasible for MHV because it has a 31-kb-
long RNA genome (22, 32). The potential utility of such an

approach was recently demonstrated by a study of recombi-
nation between a 3'-end RNA fragment and genomic RNA
from MHV (17a).
The data presented in this report demonstrate that the

5'-end RNA fragments of MHV in both the genomic and
anti-genomic sense are recombinogenic. All of the RNA
fragments used in this study contain the leader sequences
and thus are similar to the free leader-containing RNA
intermediates detected in MHV-infected cells (5, 6). We
have previously proposed that these leader-containing
RNAs represent interrupted nascent RNA transcripts, which
are dissociated from the template but may reassociate with
the same or different RNAs to continue transcription (24).
Thus, recombinant RNAs could result from free RNA tran-
scripts from one virus strain binding to the RNA templates
from another strain and reinitiating RNA transcription (24).
The results presented in this report support such a hypoth-

esis and strongly suggest that the leader sequence-containing
RNA intermediates detected in the MHV-infected cells (5, 6)
could be recombinogenic via a copy choice mechanism.
Two possible mechanisms can explain how the transfected

5'-end RNA fragments recombine with MHV RNAs (Fig. 7).
Both mechanisms assume that RNA recombination occurs
by a copy choice mechanism and thus occurs during the
replication process. In model A (Fig. 7A), exogenous ge-
nomic-sense RNAs (e.g., DIssE RNAs) bind to the endoge-
nous template via complementary sequences and act as
primers for genomic (positive)-sense RNA synthesis. Con-
ceivably, the replicase complex may have some proofread-
ing activity to trim 3'-end mismatching sequences from the
exogenous RNA, and the trimmed RNA fragment is then
used as a primer to complete the synthesis of genomic-strand
RNA. After one round of RNA replication, this would
generate DIssE head-A59 body recombinants. The trimming
of primer to different extents and subsequent transcription
would result in recombinant RNAs with various crossover
sites. Such a cleavage of RNA in the transcription complex
has been demonstrated in prokaryotic cells (35). In the
alternative model B (Fig. 7B), the transfected RNA frag-
ments act as the template during negative-strand synthesis.
Conceivably, the replicase complex, along with newly syn-
thesized negative-strand transcripts, might dissociate from
the original genomic template and then use the transfected
RNA as a template to complete the first round of negative-
strand synthesis; the subsequent genomic-strand synthesis
would generate DIssE head-A59 body recombinants. Since
all of the transfected RNAs used in this study contained
intact leader sequox-_es, only one crossover (switching)
event was required to generate recombinants. Whether RNA
fragments without the leader sequence (e.g., the central part
of the MHV genome) could also recombine with virion
RNAs remains to be studied. Since such RNA fragments
need at least two switching events to generate a functional
recombinant RNA, the efficiency of this type of recombina-
tion will be considerably lower.

It is of interest that the transfected anti-genomic sense
864(-) RNA fragment could also undergo recombination
with virion RNA. All of the recombinants obtained con-
tained a DIssE head-A59 body recombination and had a
crossover between the sites for primers 1 and 2. Two
mechanisms can explain the generation of these recombi-
nants (Fig. 7C and D). (i) The negative-sense RNAs are first
used as templates and transcribed into genomic-sense
RNAs. This is quite feasible, since these anti-genomic-sense
RNA fragments should contain signals for positive-sense
RNA replication. The 5'-end positive-sense transcripts can
then recombine with virion RNAs by template switching. (ii)
It is conceivable that these anti-genomic-sense RNAs can
recombine directly with negative-sense MHV RNA by a
breakage-rejoining mechanism. Although RNA recombina-
tion is generally thought to be mediated by a copy choice
mechanism (9, 17), the breakage-rejoining mechanism has
never been rigorously ruled out. In fact, the genetic structure
of some recombinant RNAs in plant RNA viruses is more
compatible with the breakage-rejoining mechanism (7). This
mechanism could allow the negative-sense MHV RNA to
fuse with the transfected 864(-) RNA fragment, which
corresponds to the 3' end of the negative-sense RNA.
Although we cannot distinguish between these possible
mechanisms at present, the participation of both transfected
positive- and negative-sense RNA fragments in recombina-
tion suggests that recombination can occur during both
positive- and negative-sense RNA synthesis. It has previ-
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FIG. 7. Models for the mechanism of recombination between transfected RNA fragments and MHV genomic RNAs. (A) Exogenous
RNAs act as primers during genomic-strand synthesis; recombinants could be obtained after one round of RNA replication. (B) Exogenous
RNAs act as templates during minus-strand synthesis; recombinants could be obtained after two rounds of RNA replication. (C) Exogenous
864(-) RNA was first used as the template and transcnbed into genomic-sense RNAs [864(+) RNA], which act as primers or templates in
the same way as depicted in A and B, respectively. (D) 864(-) RNA molecules recombine with negative-sense MHV RNA by a hypothetical
breakage-rejoining mechanism. DE25, plasmid pDE-25, representing DIssE RNA. I° and 110 mean first and second, respectively.

ously been shown that poliovirus RNA recombination oc-
curs mainly during negative-strand RNA synthesis (17).
However, this apparent result could have been due to the
fact that poliovirus positive-strand RNA is present in great
excess over negative-strand RNA, providing a greater op-
portunity for template switching during negative-strand
RNA synthesis. When a large amount of negative-sense
RNA was transfected into cells in our study, the opportunity
for template switching during positive-strand RNA synthesis
could have increased proportionally. Thus, our results sug-
gest that RNA recombination can occur during both posi-
tive- and negative-strand RNA synthesis.
The crossover sites identified in this study were distrib-

uted in many different places in every genetic cross. This is
reminiscent of the recombination sites identified during
MHV coinfection in the absence of selection pressure (3).
However, the predominant crossover sites (hot spots) dif-
fered depending on the structure of the transfected RNA
fragments and the passage history. Interestingly, in the cross
between A59 virus and DIssE RNA, the latter ofwhich lacks
the nine-nucleotide sequence CTUUUAUAAA, the recombi-
nation sites were clustered around the pentanucleotide (UC
UAA) repeat, which is located immediately upstream of the
nine-nucleotide deletion and at the end of the leader RNA.
The role of this nine-nucleotide sequence in replication and
recombination is not clear. Curiously, in the cells transfected
with a fully replicating DI RNA and infected with a helper
virus, the leader sequence of the DI RNAs was readily

switched to that of the helper virus only if the DI RNAs
contained this nine-nucleotide sequence, suggesting that this
nine-nucleotide sequence plays a role in leader switching
during DI RNA replication (25). However, these nine nucle-
otides are not essential for either viral replication or pack-
aging, since some viruses (e.g., MHV-JHM-2c) and naturally
occurring DI RNAs with this deletion still have normal
replication cycles (25, 27, 28). Nevertheless, in this study,
we have observed that the distribution of crossover sites was
different for the transfected RNAs with and without this
nine-nucleotide sequence (Fig. 3 and 6). It is tempting to
suggest that this difference was caused by the presence or
absence of this stretch of nucleotides. It is conceivable that,
during template-switching, the binding of the nascent RNA
transcripts to a new template could generate an unpaired
structure caused by the nine-nucleotide deletion, which
could force most recombination events to take place near
this region. In modelA (Fig. 7A), we postulate that theMHV
RNA replicase(s) has a proofreading RNase activity, which
could remove such a mismatch generated immediately
downstream of the UCUAA repeat region and thus create a
crossover site in this region. This hypothesis may explain
why most recombination sites were confined to the region of
UCUAA repeat sequences if the transfected RNAs did not
possess the nine-nucleotide sequence.

It is interesting that the clustering of crossover sites
changed after serial virus passages, suggesting the selection
of certain types of recombinants. This phenomenon has
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previously been demonstrated during coinfections with
MHVs (3). However, since the number of recombinants
examined was not large and some of the minor crossover
sites could have been artifacts of the PCR procedure, this
interpretation should be viewed with caution. An under-
standing of the precise structural requirements for RNA
recombination and subsequent selection is now feasible with
the recombination system described here.
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